
Non-equilibrium fluctuations in chiral fluid
dynamics at the QCD phase transition

Marlene Nahrgang

Berkeley School of Collective Dynamics



Chiral fluid dynamics



QCD phase transition



Phase transitions
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Critical phenomena
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The critical point in dynamic systems
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Disoriented chiral condensates
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Chiral fluid dynamics
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Real time formalism - closed time path formalism



Influence functional method



Influence functional method

reduced density matrix for the system variables

ρS(x , x ′, t) =
∫
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Linear sigma model with constituent quarks

L =q̄(iγµ∂µ − g(σ + iγ5τ~π))q
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Phase diagram of the linear sigma model with
constituent quarks

(O. Scavenius, A. Mocsy, I. N. Mishustin and D. H. Rischke, Phys. Rev. C 64
(2001))



Classical equation of motion for the sigma field



Classical equation of motion for the sigma field



Classical equation of motion for the sigma field



Chiral condensate - lowest order

〈q̄q〉(0)
σ = S++(0) = 2dqmq

∫ d3p
(2π)3

nF(p)
E

mq = g〈σ〉 , E =
√

p2 + g2σ2

equation of motion for the sigma field:

∂µ∂µσ +
δU
δσ

+ g〈q̄q〉0 = 0



Effective potential - lowest order

Z =
∫
DqDqDσD~π exp
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0
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∫
V
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Veff = −T
V

logZ =− 2dqT
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(2π)3 log(1 + e−E/T )

+ U (σ, ~π)



Effective potential - lowest order



Chiral condensate - first order

〈q̄q〉(1)
σ = ig

∫
dy4Tr(S>(x − y)S<(y − x)

− S<(x − y)S>(y − x))σ(y)



Damping term η and noise ξ

for k = 0
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Equation of motion for the sigma field

∂µ∂µσ +
δU
δσ

+ g〈q̄q〉(0)
σ + η∂tσ = ξ



Damping term η



Choice of the damping coefficients

η1 = 2.2/fm and η2 = 20/fm

〈ξ(t)〉 = 0

〈ξ(t)ξ(t ′)〉 =
2T
V

η1/2δ(t − t ′)

(T. S. Biro and C. Greiner, Phys. Rev. Lett. 79 (1997))



Stochastic source term

∂µT µν = Sν

Sν = −∂µT µν
field =− (∂µ∂µσ +

δU
δσ

)∂νσ

=− (−g〈q̄q〉(0)
σ − η∂tσ + ξ)∂νσ



The equation of state

e(σ, T ) = T
∂p(σ, T )

∂T
− p(σ, T )

p(σ, T ) = −Veff(σ, T ) + U(σ)



Initial conditions



Intensity of sigma fluctuations
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η1 = 2.2/fm



Intensity of sigma fluctuations - crossover



Intensity of sigma fluctuations - critical point



Fluctuations - critical point



Intensity of sigma fluctuations - first order phase
transition



Fluctuations - first order phase transition



Larger damping?

η2 = 20/fm



Effective potential



Relaxation of the sigma field



Intensity of sigma fluctuations - crossover



Intensity of sigma fluctuations - critical point



Intensity of sigma fluctuations - critical point



Intensity of sigma fluctuations - first order phase
transition



Fluctuations - first order phase transition



Summary & outlook
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